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Penetration of a Transverse Supersonic Jet
into a Subsonic Compressible Crossflow

Steven J. Beresh,* John F. Henfling,” Rocky J. Erven,* and Russell W. Spillers®
Sandia National Laboratories, Albuquerque, New Mexico 87185

Particle image velocimetry data have been acquired in the far field of the interaction generated by an over-
expanded axisymmetric supersonic jet exhausting transversely from a flat plate into a subsonic compressible
crossflow. Mean velocity fields were found in the streamwise plane along the flowfield centerline for different val-
ues of the crossflow Mach number M, and the jet-to-freestream dynamic pressure ratio J. The magnitude of the
streamwise velocity deficit and the vertical velocity component both decay with downstream distance and were
observed to be greater for larger J while M, remained constant. Jet trajectories derived independently using the
maxima of each of these two velocity components are not identical, but show increasing jet penetration for larger
J. Similarity in the normalized velocity field was found for constant J at two different transonic M., but at two
lower M, the jet appeared to interact with the wall boundary layer and data did not collapse. The magnitude
and width of the peak in the vertical velocity component both increase with J, suggesting that the strength and
size of the counter-rotating vortex pair increase and, thus, may have a stronger influence on aerodynamic surfaces

despite further jet penetration from the wall.

Introduction

TMOSPHERIC flight vehicles that employ supersonic jets for

attitude or roll control may find their expected performance
altered due to interactions concerning the exhausting jet. The aero-
dynamic interaction of the jet with the crossflowing freestream will
modify the pressure distribution on the surface of the vehicle, cre-
ating an additional force that can either amplify or detract from
the thrust of the jet itself.!~7 Furthermore, this freestream interac-
tion causes the jet to turn following exit from the nozzle and travel
downstream, where it can interact with aerodynamic control sur-
faces, such as fins found on bombs or missiles. Past studies have
indicated that this jet/fin interaction can change the pressure field
on the fins and, hence, the force they generate,*>’~!® which may
yield effects deleterious to the performance of the vehicle.

To predict the effects of the jet/fin interaction, it is necessary to
understand the trajectory and spreading of the jet, which itself is
determined by the jet-in-crossflow interaction with the freestream.
Figure 1 shows the common features of a jet-in-crossflow interac-
tion as found by past studies.!!'~!® The far field of the interaction
is dominated by the presence of a counter-rotating vortex pair, in-
duced as the jet is turned over and realigned by its encounter with
the freestream. These strong vortices are believed to be principally
responsible for the interaction with downstream fins and, hence,
merit the focus of an investigation that seeks to explore the nature
of jet/fin interaction.

The present study experimentally examines the interaction gen-
erated by a supersonic jet exhausting transversely from a flat plate
into a subsonic compressible crossflow, with its principal focus on
the detection of the jet trajectory and the induced vortex pair. Parti-
cle image velocimetry (PIV) was conducted in a streamwise plane
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of the far field of the jet-in-crossflow interaction to determine the
streamwise and vertical velocity components, providing an infer-
ence of the size and location of the vortex pair and the strength of
the generated vorticity. Data were collected for a variety of flowfield
conditions to examine the impact of varying the jet-to-freestream
dynamic pressure ratio and the freestream Mach number, which
previously have been identified as key similarity parameters.’!7~2

Whereas similar velocimetry studies have been conducted for
transverse jets in low-speed flows,'®20~2% such work is less common
for compressible flows. Previous velocimetry measurements of a jet
exhausting into a supersonic crossflow have been made using laser
Doppler velocimetry for a transverse sonic jet,?® hot-film anemom-
etry for an angled supersonic jet,”” and PIV of a jet issuing from
a missile half-body.?® Other approaches to measuring jet penetra-
tion into a supersonic flow have included schlieren photography, '’
concentration measurements of differing fluids,'”?> Mie scattering
(see Refs. 30 and 31), and laser-induced fluorescence.’?> The cur-
rent efforts, therefore, build upon such previous work by providing
high-fidelity PIV data for a compressible jet in crossflow, and ad-
ditionally fill a gap by examining the transonic flow regime, for
which jet penetration measurements appear limited to pressure-
probe investigations.>*3* These quantitative data are ideal for the
validation of computational simulations and the evolution of their
underlying physical models. Furthermore, the present study yields
velocimetry data for flowfield conditions that are particularly rele-
vant toward understanding jet/fin interaction found on atmospheric
finned vehicles.

Experimental Apparatus

Trisonic Wind Tunnel

All experiments were performed in the Sandia National Labora-
tories Trisonic Wind Tunnel (TWT). The TWT is a blowdown-to-
atmosphere facility with interchangeable test sections, each using
air as the test gas. One is a transonic nozzle permitting a continu-
ously variable Mach number from 0.5 to 1.3. The 305 x 305 mm?
(12 x 12 in.?) rectangular test section traditionally has been fitted
with porous walls and is enclosed in a pressurized plenum to con-
tain the flow that passes through them, but in the present case the
porous walls have been replaced with solid walls. This serves both to
supply a flat plate from which the jet will issue and to provide com-
putationally tractable boundary conditions for comparison of ex-
perimental data and numerical simulations. Use of a wall-mounted
jet was deemed superior to a sting-mounted flat plate to avoid such
uncertainties as plate deflection and flow interference from the jet
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supply apparatus beneath the plate. The use of a solid-wall test sec-
tion limits the Mach number range of the flowfield, but this was
considered an acceptable compromise.

Supersonic Jet Hardware

The jet exhausted from a conical nozzle with a design Mach
number of 3.73, an expansion half-angle of 15 deg, and an exit
diameter of 9.53 mm (0.375 in.). The nozzle is fit to a settling
chamber designed for a maximum pressure of 14 MPa (2000 psia)
and instrumented with a transducer and a thermocouple to provide
stagnation pressure and temperature measurements. A manifold of
six nitrogen bottles pressurized to 24 MPa (3500 psi) provided the
gas source for the nozzles.

The nozzle mounts along the centerline of the top wall of the test
section, which served as the flat plate from which it transversely
exhausted. A side-wall window lies flush with the top wall and
is positioned downstream of the jet for viewing the far field of the
interaction; a larger window in the pressurized plenum complements
the test section window. A window in the floor of the test section
is located near the position of the side-wall window for introducing
the laser sheet, which is matched by a second laser window in the
bottom of the plenum. The relative position of the jet and windows
within the test section is shown in Fig. 2. Figure 2 additionally
shows the laser sheet for the PIV measurements and a pressure tap
contained in each side wall for measuring the static pressure in the
test section to determine the freestream Mach number.

jet plume

counter-rotating
vortex pair

nozzle horseshoe
vortices

Fig. 1 Common features of jet-in-crossflow interaction.
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flow

nozzle exit
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PIV System

PIV measurements presented in the current study are two di-
mensional, acquired with the laser sheet aligned in the streamwise
direction of the wind tunnel positioned downstream of the jet nozzle
on the test section centerline, as shown in Fig. 2. The plane in which
the laser sheet lies passes through the centerline axis of the jet noz-
zle. The coordinate system is chosen such that the # component lies
in the streamwise direction and the v component is in the vertical
direction, positive away from the top wall. The origin is located at
the center point of the jet nozzle exit plane.

The light source of the system is a pair of frequency-doubled
Nd:YAG lasers (Coherent Infinity Model 40-100) that can operate
with a variable repetition rate but in the present study are used
exclusively at 15 Hz producing about 100 mJ/beam. The beams are
combined such that both maintain the same polarization then are
formed into coplanar sheets beneath the wind tunnel and directed
into the test section, where the sheet thickness is 1.2 mm (0.048 in.).
The pulse separation time is monitored by a photodiode read by a fast
oscilloscope and was found to be 2.375 = 0.005 ps. Synchronization
with the camera is accomplished using two digital delay generators
(Stanford Research Systems Model DG535).

Scattered light is collected by a frame-straddling charge-coupled
device camera (Redlake MegaPlus Model ES4.0/E), which allows
the exposure associated with each laser pulse to be stored indepen-
dently. This camera has a resolution of 2048 x 2048 pixels, digi-
tizes at 8 bit, and can acquire pairs of images at about 7 Hz. The
camera was equipped with a 105-mm lens (Nikon Micro-Nikkor)
operating at /4 and imaged a field of view measuring approximately
160 x 160 mm? (6.2 x 6.2 in.2). The camera stood 1.1 m from the
laser sheet. Given that the angle subtended by the scattered light
and the camera axis is small, and that the flowfield is dominated
by the streamwise velocity component, perspective error due to the
collection angle of the camera lens is expected to be minor.?3¢

The flowfield was surveyed using two separate imaging regions,
as indicated in Fig. 2, so that a greater streamwise distance of the in-
teraction could be measured. A single camera was used, which was
relocated to a downstream position for a separate set of wind-tunnel
runs. The streamwise laser sheet location was altered as well to max-
imize its downstream projection. The farthest upstream edge of the
combined imaging region was constrained by the side-wall window
through which the camera looked, whereas the farthest downstream
edge was limited by the laser sheet position. An overlap between the

pressure tap
(near side wall)

pressure tap
(far side wall)

Fig. 2 Schematic (not to scale) of jet-in-crossflow configuration in TWT for PIV measurements; flow from right to left, dimensions in millimeters.
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two stations ensured complete coverage of the resulting trapezoidal
imaging region and also permitted a comparison between measure-
ments at each position for uncertainty assessment, discussed later.

The TWT is seeded by a thermal smoke generator (Corona Vi-
Count Model 5000) that produces a large quantity of particles spec-
ified by the manufacturer as 0.2-0.3 pm in diameter from a mineral
oil base. The smoke generator is contained within a pressurized
tank to force the smoke through a duct into the elevated pressure
of the TWT’s stagnation chamber, where injector tubes distribute
the particles through a portion of the flow that will eventually reach
the region of interest within the test section. The flow conditioning
section of the TWT removes disturbances induced by particle in-
jection and assists in dispersing the particles. The jet itself remains
unseeded. Although this creates a serious measurement bias near the
jet exit due to selective flow sampling, data acquired farther down-
stream are not subject to such a difficulty because turbulent mixing
entrains particles from the freestream and spreads them throughout
the interaction once in the far field. The particles are sufficiently
small that they will rapidly attain the local velocity once they have
been redistributed.’”*® Thus, images acquired farther downstream
are properly seeded, and velocity measurements are no longer sub-
ject to a bias from having used particles that originate exclusively
in the freestream.

As aresult of the seeding density necessary to produce sufficient
intensity of the side-scattered light, and because the diffraction-
limited particle image size is about 5-10 um in diameter, whereas
an individual pixel in the camera covers about an 80-um length,
multiple particle images are commonly found at any given pixel.
Therefore, speckle effects from interactions in the scattered light
produce patterns in the image rather than distinct particles. This
is not, however, an impediment to successful PIV measurements;
unique speckle patterns may be correlated between the two PIV
exposures. This produces somewhat noisier results than those from
discretely resolved particle images.3%*

PIV data have been processed using IDT’s ProVision 2.02 soft-
ware. Vectors are produced using a 64 x 64 pixel interrogation win-
dow with a 50% overlap, yielding a 5.0 x 5.0 mm? (0.20 x 0.20in.?)
spatial resolution. A streamwise window offset is established be-
tween the two exposures corresponding to the freestream convec-
tion distance expected from the given time between laser pulses,
which has been shown to improve the accuracy of cross-correlation
analysis.*! Resulting vector fields are validated based on signal-to-
noise and nearest-neighbor criteria.

Experimental Conditions

The testing conditions have been selected to approximate those
found on transonic flight vehicles that employ supersonic jets for
attitude or roll control. The primary freestream Mach number is
My, = 0.8 with a wind-tunnel stagnation pressure Py =154 kPa
(22.4 psia), which yields a freestream static pressure p,, = 101 kPa
(14.7 psia). The wind-tunnel unit Reynolds number at these condi-
tions is 20 x 105 m™' (6 x 10° ft~"). The nominal stagnation pres-
sure for the Mach 3.73 jet is Py; =4.96 MPa (720 psia), providing
a perfectly expanded jet exit pressure of p, =47.1 kPa (6.84 psia).
These conditions combine to produce a nominal jet-to-freestream
dynamic pressure ratio J = 10.2. Additional cases were employed
to span arange of J values while maintaining a constant M., = 0.8,
or to span a range of subsonic values of M, while maintaining a
constant J =10.2. Table 1 lists the conditions for the seven cases
studied. All cases were chosen such that p,, =101 kPa (14.7 psia);

Table 1 Experimental conditions for the jet and wind tunnel

Case J My Py, kPa Pyj, MPa Uso, m/s
1 10.2 0.80 154 4.97 286
2 16.7 0.80 154 8.14 286
3 5.6 0.80 154 2.76 286
4 2.8 0.80 154 1.36 286
5 10.2 0.70 141 3.82 251
6 10.2 0.60 129 2.79 215
7 10.2 0.50 120 1.96 181

therefore, the jet was always overexpanded. This wall pressure was
measured from the mean of two static pressure taps located on the
wind-tunnel side walls 168 mm upstream of the jet nozzle center-
line, as seen in Fig. 2. M., and the velocity reference U,, were
calculated isentropically from the ratio p, /P, and the stagnation
temperature 7. The choice of M, and J must keep within the sub-
sonic restrictions imposed by the tunnel blockage issues inevitable
with the solid-wall transonic test section.

The gas supply for the jet is unheated, so that the jet stagnation
temperature 7p; varied from 296 to 307 K (533 to 553°R) depending
on the laboratory ambient conditions. The wind-tunnel air supply
is heated in the storage tanks but not temperature controlled sub-
sequent to this; therefore, the freestream stagnation temperature Tp
also is subject to slight variation and fluctuated from 324 to 329 K
(582 to 591°R).

The 99%-velocity boundary-layer thickness has been determined
from the present PIV data on the wind-tunnel top wall in the undis-
turbed test section, in which the jet nozzle has been replaced by a
blank to preserve the flat wall. At the center of the upstream PIV
imaging region, which is 254 mm downstream of the jet nozzle
centerline, the data yield a value of 14.6 0.9 mm (1.53 +0.1d;).

The trapezoidal PIV imaging region stretches from 176 to 440 mm
downstream of the jet nozzle centerline, or 18.5-46.2 jet diameters
d;, although the inclined laser sheet limits the horizontal edge to
400 mm (42.0d;) downstream at the edge farthest from the wall.
For the nominal flow conditions (case 1 in Table 1), 15 wind-tunnel
runs of 201 image pairs each were collected at the upstream imaging
region and 9 wind tunnel runs of 201 image pairs at the downstream
position. For the other six cases, five wind tunnel runs of 201 image
pairs each were conducted for each camera position.

Results and Discussion

Velocity Fields

The PIV data collected for each of the seven flowfield cases were
first validated as already described, then all valid vectors were col-
lapsed into a mean velocity field representing that case. Because
the imaging region is located in the far field of the jet interaction,
the flow is dominated by the streamwise velocity component, and,
hence, an examination of the data via a vector plot is of limited
value. A more illuminating approach is to view each velocity com-
ponent as a separate contour plot, which is done in Figs. 3 and 4 for
each case. Figure 3 shows the streamwise velocity component u,
and Fig. 4 shows the vertical velocity component v. Vertical dis-
tances in Figs. 3 and 4 are measured from the top wall of the wind
tunnel where the jet nozzle is located, and horizontal distances are
measured from the centerline of the jet nozzle. Distances are nor-
malized to the jet exit diameter d; and velocities to Us.

The first observation from Figs. 3 and 4 is that, as anticipated,
the jet penetration and trajectory are readily discernable from the
velocity field, as is the breadth of the jet’s influence. The deficit in
u seen in Fig. 3 tracks the position of the jet from its impedance of
the oncoming crossflow, whereas the increase in v in Fig. 4 marks
the location of the counter-rotating vortex pair due to the induced
vertical velocity component. Whether observed using u or v, the
jet and associated vortices can be seen to penetrate farther into the
freestream for larger values of J while M., =0.8. The behavior is
more complex when M, is reduced while J = 10.2; the jet penetra-
tion appears the same for M, = 0.8 and M., = 0.7, but the jet seems
to interact with the wall boundary layer at M, = 0.6 and M, =0.5
as shown in Fig. 3. This behavior is discussed further later. It also
is evident that the position of the maximum deficit in u does not
coincide with the maximum in v.

Similarly, the decay of the jet and vortex strength is apparent in
Figs. 3 and 4 by the decrease in the velocity deficit in « and vertical
velocity v with downstream distance in each case. The deficitin u is
greater for larger values of J, indicating the increased blockage of
a stronger jet, and appears identical in Figs. 3a and 3e for M, = 0.8
and M., =0.7, where J is constant. However, for the two lowest
values of M., the decay of u is more difficult to distinguish due to
the apparent interaction with the boundary layer. The same trends are
visible for the decay of the magnitude of v in Fig. 4, except that the
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Fig. 3 Mean streamwise velocity component for jet-in-crossflow interaction: a) J=10.2 and M., =0.8, b) J=16.7 and M, =0.8, ¢) J=5.6 and
Moo =0.8,d) J=2.8 and M, =0.8, ¢) J=10.2 and M, =0.7, f) J=10.2 and M, =0.6, and g) J=10.2 and M, =0.5.

presence of the vortices is more easily discerned for M., = 0.6 and
M, = 0.5 than it was for u. The greater degree of noise for M, = 0.6
and M, = 0.5 is probably because the lower U, reduces the signal-
to-noise ratio of the measurement. Nevertheless, it is clear that the
behavior of these two cases is dissimilar from that of M, = 0.8 and
M, = 0.7 despite having matched values of J.

The gradual increase in freestream values of u in the stream-
wise direction visible for all seven cases in Fig. 3 is quite real. This

arises because the wind-tunnel test section has a constant cross-
sectional area. As the boundary layer grows with downstream dis-
tance, an increase is observed in the local Mach number and, hence,
the streamwise velocity. This rise in the freestream u is greater for
larger values of J and for M, =0.8 and M, =0.7 as compared to
Mo, =0.6 and M, =0.5. Such behavior is consistent with greater
jetpenetration inducing more blockage into the flowfield and, hence,
driving up the local Mach number as the flow accelerates around
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Fig. 4 Mean vertical velocity component for jet-in-crossflow interaction: a) /=10.2 and M, =0.8,b) J=16.7 and M, =0.8, ¢) J =5.6 and M, =0.8,
d)J=2.8and M, =0.8,¢e) J=10.2 and M, =0.7, f) J=10.2 and M, =0.6, and g) J=10.2 and M, =0.5.

the jet interaction. Curiously, in each case u/Uy =1 occurs near
the middle of the PIV imaging region, which lies 30-35d; down-
stream of the jet nozzle and, therefore, 48-53d; downstream of the
wall pressure taps at which My, and Uy, are calculated. Because
both the wall boundary-layer growth and the jet blockage tend to
increase Uy, slowly but steadily as a function of downstream dis-
tance, u/ U, =1 should occur at the pressure taps, which are well
upstream of the PIV measurements. If the trends in the PIV data are

extrapolated back to the pressure taps, the difference is estimated as
2-3% of U, and suggests a measurement bias exists. PIV measure-
ments in the undisturbed freestream, however, have been shown to
agree with pitot probe measurements, implying that the error lies in
Uw. Wind-tunnel nonuniformities near the test section inlet may be
responsible because the pressure taps lie on the side walls and the
PIV freestream data are acquired near the test section centerline.
This is particularly plausible given that the wind-tunnel contraction
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section possesses different wall curvature on the horizontal planes
compared with the vertical planes.

The streamwise velocities in the wake of the jet, that is, between
the decaying jet and the wall, also increase with downstream dis-
tance as the flow recovers from the initial injection of the jet into
the crossflow. Even while these wake velocities rise, they lag behind
the local freestream velocity, indicating the continued presence of
the wake effects of the jet. An exception to this observation is made
for the cases where M., =0.6 and M., =0.5 because here the in-
teraction between the jet and the boundary layer makes the concept
of a jet wake unclear.

Note that for the streamwise velocities in Fig. 3, an artificial
reduction in velocity can be observed in the upper-left-hand corner
of each contour plot and along the inclined downstream edge of the
measurement region. Both occurred near an edge of the laser sheet,
and although vectors nearest these boundaries were removed, a more
subtle influence evidently existed adjacent to the discarded vectors.
Similarly, the vertical seams visible in Figs. 3 and 4 are an artifact
of having combined data from two distinct camera positions; these
incongruities lie within the uncertainty of the measurements.

Measurement uncertainties in the mean velocity data consist prin-
cipally of biases in the PIV calibration, flowfield repeatability from
one wind-tunnel run to another, and convergence of the mean. The
data for the nominal flow conditions (case 1) were acquired over a
number of days and, thus, employed multiple calibrations; all other
cases were acquired in sequence using a single calibration. There-
fore, the nominal case can be used to determine the uncertainty in the

x/d=26.2

yld,

xId=31.5

Ll S s T L

mean velocity data by computing the scatter between means found
using different calibrations, then the resulting bias estimate may be
applied to mean data acquired using any one calibration. This shows
that the uncertainty estimate for the mean velocity data, defined as
the 95% confidence interval, is a maximum of about &7 m/s within
the jet interaction and falls to about £4 m/s in the freestream. The
typical uncertainty in J is 0.1 and in M, is +0.002, again de-
termined as 95% confidence intervals. These run-to-run variations
in the flowfield parameters are partly responsible for the mean ve-
locity field uncertainties. With the exception of the M., =0.6 and
M., = 0.5 cases, calibration bias was found to exceed uncertainty
due to repeatability and data convergence.

Additional wind-tunnel runs were conducted for the nominal case
in which the time between laser pulses was steadily increased from
the standard value of 2.375 pus to a maximum of 6.375 us. Chang-
ing this parameter did not significantly alter the results, indicating
that out-of-plane motion did not induce a bias error by selectively
removing some particles from the PIV correlations.

Velocity Profiles

Data such as those shown in Figs. 3 and 4 can be viewed in a more
quantitative format by extracting specific lines of velocity vectors
from the PIV vector fields and plotting each component indepen-
dently. Vertical lines of velocity data were extracted at 200, 250,
300, 350, and 400 mm downstream of the jet nozzle centerline (21.0,
26.2,31.5,36.7, and 42.0d; downstream) and are shown in Figs. 5
and 6 for the streamwise and vertical components, respectively. In

x/d=36.7

x/d=42.0

0

a)
x/d=26.2

yld,

x/d=31.5

0.1 0.2

[U.(x)-uyu,

x/d=36.7 x/d=42.0

b)

Fig. 5 Mean streamwise velocity deficit extracted from Fig. 3 at five locations downstream of the jet nozzle centerline: a) varying J while M, =0.8

and b) varying M, while J=10.2.
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Fig. 6 Mean vertical velocity component extracted from Fig. 4 at five locations downstream of the jet nozzle centerline: a) varying J while M, =0.8

and b) varying M, while J=10.2.

Fig. 5, the streamwise component is represented as a velocity deficit
[Uso(x) — u]/ Us, which thus removes the influence of the gradual
increase in the freestream velocity by treating it as a local property.
The value U, (x) is determined from the PIV data in the freestream
to capture the increase in M ; conversely, Uy, is found from the pres-
sure taps and has no dependence on downstream distance. Sample
error bars are shown in Figs. 5 and 6, which appear relatively large
because the farfield velocities induced by the jet are a small fraction
of the freestream velocity. The error bars for M, =0.5 in Figs. 5b
and 6b are larger than those for M, = 0.8 because a constant uncer-
tainty in # or v becomes larger when normalized to a smaller Uy,
and because the statistical convergence of this case is poorer.

The trends found in Figs. 3 and 4 can be seen more distinctly in
Figs. 5 and 6. The influence of J while M is held constant can
be examined from Figs. 5a and 6a. A prominent velocity deficit is
observed in u whose location moves farther away from the wall as
J is increased. Similarly, v shows a profound increase associated
with the presence of the counter-rotating vortex pair, whose position
increases with J. The magnitude and width of the peak in v both
increase with J, suggesting that as J becomes greater, the strength
and size of the vortices increase even as they move further from the
wall; this observation is consistent with previous studies.>*? The
magnitude of the velocity deficit in u# shows similar behavior, and
a deficit persists even beneath the vortices due to the wake effect of
the jet presence.

Trends as a function of M., while J remains constant are more
complex, however, as was first noticed in Figs. 3 and 4. Figures 5b

and 6b show that, when M, =0.8 and M., =0.7, the normal-
ized velocities collapse to a single profile, within the measure-
ment uncertainty. The utility of J as a similarity parameter previ-
ously has been shown for both incompressible!:'32% and high-speed
interactions.'”'3® Where M., = 0.6 and M, = 0.5, no such simi-
larity is observed. The apparent interaction with the boundary layer
for these two cases is evident in Fig. 5b, where the velocity deficit
tends not to exhibit as distinct a peak and instead is maintained to the
wall boundary layer. This contrasts with every other case in Fig. 5,
in which a distinct jet wake is seen between the jet itself and the
boundary layer. Additionally, the profiles for v in Fig. 6b indicate a
broader, weaker vortex as compared to the M, =0.8 and M, =0.7
cases.

In progressing through the five downstream locations of Fig. 6,
whether for constant J or constant M, it can be seen that the mag-
nitude of v associated with the vortex pair is reduced and its peak
moved farther from the wall. This suggests that, as the interaction
proceeds farther downstream, the vortex strength ebbs, although
strictly speaking, changes in the magnitude of v may result either
from changes in the strength of the vortex pair or the distance be-
tween them. Additionally, the peak in v becomes wider downstream,
suggesting that the vortices grow spatially as their maximum ver-
tical velocity declines. Similarly, the velocity deficit in u can be
observed to diminish with downstream distance in Fig. 5, indicating
a gradual recovery from the wake effect of the jet.

Figure 6 also shows a small region of negative values of v near
the wall for all cases except J =2.8, Mo, =0.6, and M, =0.5. This



386 BERESH ET AL.

x/d=21.0

yld,

x/d=26.2

x/d=31.5

— L

= 0.1 02 0 0.1 0.2
[U.(x)-uJu,
a)
x/d=21.0 x/d=26.2 x/d=31.5

<
—~—

>

L L L l
0 0.2 0.4
viU

b)

Fig. 7 Mean velocity profiles at three locations downstream of jet nozzle centerline for varying M, while J =10.2; dark lines, data at which Reynolds
number is constant and gray lines, data at which static pressure is constant: a) streamwise velocity deficit and b) vertical velocity component.

may indicate the presence of a smaller, weaker vortex rotating in
the opposite direction near the wall beneath the primary vortex pair,
which would find precedent from the incompressible observations of
Haven and Kurosaka®? and may be due to the downstream remnant
of the horseshoe vortices shown in Fig. 1.!1:12

The lack of J similarity in the M., =0.6 and M., =0.5 data
could potentially be explained by Reynolds number differences. At
M,, =0.8, the wind tunnel unit Reynolds number is 19 x 10® m™!
and falls to 16 x 10® m~", 14 x 10°® m~', and 11 x 10° m~! for
My, =0.7, 0.6, and 0.5, respectively, because the static pressure is
held constant at 101 kPa. To assess the influence of the Reynolds
number, one additional wind-tunnel run was conducted at each of
the three lower Mach numbers with Re =19 x 10° m~! by appro-
priately increasing the tunnel stagnation pressure. The M, =0.5
condition was replaced with M., =0.53 to remain within the op-
erating constraints of the wind tunnel. Data were collected from
the upstream imaging location only. Figure 7 shows the resulting
velocity data at three downstream locations and compares it with
the data from Figs. 5 and 6. Clearly, the Reynolds number has only
a secondary effect and cannot explain the apparent interaction be-
tween the jet and the boundary layer. It is conceivable that flow
separation within the jet nozzle at M,, = 0.6 and M., = 0.5 leads to

the subsequent flowfield difference, but this seems unlikely given
that similar separation is seen for the J =5.6 and J =2.8 cases®
without inducing such an interaction.

The failure of the M., =0.6 and M., = 0.5 cases to exhibit simi-
larity with the M, = 0.8 and M, = 0.7 cases is contrary to an earlier
experiment within the same research program, in which schlieren
images were acquired of the same interaction.*> Those data showed
a qualitatively identical jet penetration for all four values of M,
at J =10.2. However, in that study, the nozzle exit diameter was
12.7 mm (0.500 in.), in contrast to the present value of 9.53 mm
(0.375 in.); therefore, a different ratio existed for the nozzle exit di-
ameter to the crossflow wall boundary-layer thickness. Past studies
have shown this to be a relevant parameter in the development of
the jet-in-crossflow interaction,**~*7 and this may be a factor in the
differing interaction behavior.

Jet Trajectory and Scaling

Velocity profiles such as those shown in Figs. 5 and 6 were used to
compute the trajectory of the jet based on the maximum values of the
deficitin  and the v velocity component. At each horizontal position
in the mean vector fields, a least-squares fit of a quadratic polynomial
was applied to the seven data points encompassing the velocity
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Fig. 8 Jet trajectories found as loci of peak velocity locations; dark
lines, trajectories derived from the streamwise velocity deficit and gray
lines, trajectories from vertical velocity component: a) varying J while
M, =0.8 and b) varying M, while J=10.2.

peak, from which the maximum value and its vertical location were
derived at a spatial resolution superior to the PIV measurement
volume. A trajectory then was formed from the locus of resulting
spatial points. This procedure was performed independently for u
and v.

Figure 8 shows the trajectories derived from u and v, which are
not identical. This occurs because u reaches a maximum deficit in
the jet core and v peaks between the two vortices, which are situated
below the jet as shown in Fig. 1. Error bars are provided for the case
in which J =10.2 and M., =0.8 by analyzing deviations in the
trajectories acquired from wind-tunnel runs conducted on different
days using different PIV camera calibrations. These uncertainties are
much less than those shown in Figs. 5 and 6 for the velocity profiles
because the velocity errors are principally calibration biases and,
thus, do not strongly influence the location of the peaks for finding
trajectories. The error bars in v for the J=10.2 and M, =0.5
case in Fig. 8b are derived from only a single calibration. In either
case, the trajectory error bars principally represent the experimental
repeatability and convergence of the mean.

In whichever manner they are found, the trajectories confirm ear-
lier observations. Higher values of J lead to farther penetration of
the jet and vortices into the crossflow. The trajectories collapse for
My, =0.8 and M, =0.7 when J =10.2, but do not for M., =0.6
and M., = 0.5. No trajectories based on u are shown for M., =0.6
and M., = 0.5 because no peak velocity deficit is reliably exhibited
(as is clear in Fig. 5b). The noisy trajectory found using v for these
two cases is directly attributable to the noise seen in Figs. 4f and 4g
and falls within the estimated uncertainty.

The jet penetration continues to increase with downstream dis-
tance in all cases for the full spatial extent of the present measure-
ments, in contrast with Papamoschou and Hubbard’s!® observation
that jet penetration appears to level off at about x /d; ~ 6. The tra-
jectory slope can be seen in Fig. 8a to be greater for larger J.
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Fig. 9 Jet trajectories where dimensions are additionally normalized
by J; dark lines, trajectories derived from streamwise velocity deficit
and gray lines, trajectories from vertical velocity component.

Previous studies have indicated that additionally normalizing the
dimensions by J can lead to collapse of the jet trajectories into a
single curve.?-3 This is accomplished in Fig. 9, where it appears
that such similarity is better at smaller values of J than at large.
In comparison, the Gruber et al.® similarity was shown only at
small J, and although Keffer and Baines found excellent collapse
at large J, their experiment was incompressible.?’ It does appear
in Fig. 9, however, that the slope of the trajectories blend together
smoothly and the discrepancies arise from an offset, which can be
seen to exceed the measurement uncertainty. Regardless, the present
data confirm that J is an invaluable similarity parameter, but not an
exclusive one.

Vortex Size and Strength

The size and strength of the counter-rotating vortex pair may be
inferred from the vertical velocity component. Although the vortic-
ity in the crossplane is additionally a function of the lateral velocity
(the w component), v alone provides a good measure of the vor-
tex behavior because the laser sheet passes through the nominal
centerline of the interaction where the vorticity is dominated by v.
Figure 10 shows the maximum value of v found from the quadratic
fit described earlier, which is representative of a combination of
the vortex strength and the separation between the vortices. It also
shows the width of the v velocity profile, produced by the size and
separation of the vortex pair, which is calculated as the full-width
half-maximum of the profile found normal to the wall. Uncertainties
were calculated in the same manner as for Fig. 8.

Figure 10a concisely presents the earlier observation that both the
maximum vertical velocity and the breadth of its peak are greater
for larger values of J. It also is seen that, as the maximum v decays
with downstream distance, the width of the profile grows. These
trends suggest direct implications for jet/fin interactions. Although
jets with higher dynamic pressure relative to the freestream will
locate the vortex center farther from the wall, as seen in Fig. 8a,
the influence on fins or other control surfaces may be increased
due to the rise in the strength and extent of v, implying a greater
prominence of the vortex pair. Similarly, even though the magnitude
of v decays with downstream distance, the inferred increase in the
vortex size indicates that its influence may be felt over a greater
expanse.

Figure 10b again demonstrates similarity for M., =0.8 and
My, =0.7 but not for M, =0.6 and M, =0.5. For the latter two
cases, a larger crossflow Mach number leads to a stronger v but
its extent is smaller. The deviant behavior of the M., =0.6 and
M, = 0.5 cases exceeds the measurement uncertainty.

Finally, another examination of similarity with J can be made
with the vertical velocity measurements. Figure 11 displays the data
from Fig. 10b scaled with d; J rather than simply d;, analogous to
the Fig. 9 treatment of the jet trajectories. The velocity magnitude
displays strong similarity and is valid to within the measurement
uncertainty, but the profile width clearly cannot be collapsed in this
fashion. Previous studies suggest that the vortex width may exhibit
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Fig. 10 Magnitude and extent of the vertical velocity component in-
duced by the counter-rotating vortex pair; dark lines, maximum vertical
velocity component, shown on the left y axis, and gray lines, width of
the vertical velocity peak, shown on the right y axis: a) varying J while
M, =0.8 and b) varying M, while J=10.2.
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Fig. 11 Magnitude and extent of the vertical velocity component in-
duced by the counter-rotating vortex pair where dimensions are addi-
tionally normalized by J; dark lines, vertical velocity maximum on left
y axis and gray lines, width of peak on right y axis.

similarity if it is measured normal to the local trajectory of the
jet,2%23 but at the small trajectory angles of the present far-field
measurements, this was found not to have an appreciable effect.
The lack of similarity may occur because the vortex width is found
exclusively from the v component and neglects the w component.

Summary

PIV data have been acquired in the centerline streamwise plane of
the far field of the interaction generated by an overexpanded axisym-
metric supersonic jet exhausting transversely from a flat plate into
a subsonic compressible crossflow. Mean vector fields were found
by averaging at least 1000 individual vector fields for each of seven
sets of flowfield conditions varying the jet-to-freestream dynamic
pressure ratio J and the crossflow Mach number M. The presence
of the decaying jet and the induced counter-rotating vortex pair is

evident in both # and v components of velocity (the streamwise and
vertical directions, respectively). The velocity deficit in « is found
a greater distance from the wall than the increase in v, suggesting
that the velocity deficit is caused by the jet itself, which is situated
above the vortex pair that generates the increase in v. A smaller
velocity deficit also is found between the vortices and the wall due
to a wakelike effect of the jet.

In all cases, the peak of the velocity deficit in # and the maximum
exhibited in v both move farther from the wall with increasing down-
stream distance. As the magnitude of the vertical velocity decays,
its spatial extent increases. Larger values of J while M, remains
constant produce broader profiles of greater vertical velocities as
well as a larger streamwise velocity deficit. This indicates that even
though stronger jets locate the induced vortex pair farther from the
wall, their influence on aerodynamic surfaces such as fins or strakes
may be enhanced.

For cases in which M, = 0.8 and M., = 0.7 while J is constant,
similarity in the velocity field is observed. Conversely, at M., =0.6
and My, =0.5 for constant J, different jet trajectories and vortex
behavior are observed, which appears to result from an interaction
between the jet and the wall boundary layer. In cases where J is
varied and M, = 0.8, when the spatial dimensions are scaled using
both the jet diameter and J, similarity in the jet trajectory and the
velocity maximum is observed. However, such collapse is better at
lower values of J. Furthermore, no such similarity was found for
the vertical velocity profile width.

These measurements of the jet trajectory and the associated ve-
locity magnitudes, coupled with inferences concerning the counter-
rotating vortex pair size and location, are useful for understanding
the jet penetration properties as pertaining to jet/fin interactions on
atmospheric flight vehicles. Additionally, the detailed velocity data
offer quantitative measurements for use in validating computational
models and developing their predictive capability.
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